The soil fungus Trichoderma harzianum is active against a range of economically important aerial and soilborne plant pathogens and is successfully used as a biopesticide in greenhouse and field applications (4, 23) . The antagonistic mechanism of T. harzianum is a complex process involving chemotropism (5), lectin-mediated recognition (15) (16) (17) , and formation of trapping and penetration structures (7, 8) . This process is further supported by the secretion of extracellular enzymes such as chitinases (3, 6, 14) , ␤-glucanases (13, 19, 21) , and proteinases (11) as well as secondary metabolites (1, 2, 12) . However, the fungicidal mechanism of T. harzianum is so far unknown. A key to understanding this mechanism of antagonism is the recently found synergism between hydrolytic enzymes and membraneaffecting antibiotics such as peptaibols (20, 24) which lowers the active concentrations of the two types of compounds to the level observed in vivo. Peptaibols are linear amphipathic and antibiotic 7-to 20-residue peptides, mainly produced by fungi of the genus Trichoderma. They are structurally characterized by an acylated N-terminal residue, a C-terminal amino-alcohol (tryptophanol or phenylalaninol), and a high content in ␣-aminoisobutyric acid. They have been shown to interact with phospholipid bilayers and to increase their permeability for concentrations ranging between 10 Ϫ6 and 10 Ϫ7 M (10, 18). They form voltage-gated ion channels in planar bilayers at 10 Ϫ8 M (22) . When combined with hydrolytic enzymes, they produce synergistic mixtures with strong inhibitory activity on the growth of many pathogenic fungi (20, 24) . We therefore speculated that the synergism of peptaibols with chitinases and ␤-glucanases could be due to an interference with cell wall synthesis associated with the plasma membrane.
We have first tested this hypothesis in vitro by using trichorzianins TA and TB from T. harzianum and ␤-glucan synthase from three different fungi: Botrytis cinerea, T. harzianum, and Saccharomyces cerevisiae. Trichorzianin TA is a microheterogeneous mixture of 19-residue peptaibols, and trichorzianine TB is an analogous microheterogeneous mixture which is acidic because of the replacement of the glutamine at position 18 by glutamic acid (Fig. 1 ) (cf. reference 9). The crude peptide mixture was obtained from the acetonic extract of a spore culture by exclusion chromatography (Sephadex LH 20; methanol). It was fractionated into the neutral trichorzianins TA and acidic trichorzianins TB by SiO 2 gel column chromatography (CH 2 Cl 2 /methanol ratio of 9:1). Main components of each microheterogeneous mixture were further purified by highpressure liquid chromatography (reversed-phase C 18 Sphaerisorb ODS2; methanol/H 2 O ratio, 85/15) and analyzed by fast atom bombardment mass spectrometry and nuclear magnetic resonance.
To obtain ␤-D-glucan synthase, mycelia of B. cinerea 26 (grown by inoculating four 250-ml Erlenmeyer flasks, each with 100 ml of medium containing 20 g of glucose, 7 g of yeast autolysate, 5 g of KH 2 PO 4 , 2 g of ammonium sulfate, and 1 g of MgSO 4 ⅐ 7H 2 O per liter, with 2 ϫ 10 6 to 4 ϫ 10 6 spores and incubating on a rotary shaker for 36 h at room temperature) were collected by centrifugation and washed twice with cold distilled water. All subsequent operations were carried out at 0 to 4ЊC. The cells were suspended in 20 ml of 50 mM Tris-HCl buffer, pH 7.5, containing 1 mM EGTA [ethylene glycol-bis(␤-aminoethyl ether)-N,N,NЈ,NЈ-tetraacetic acid], 1 mM phenylmethylsulfonyl fluoride, and 1 mM dithiothreitol (buffer A) and disintegrated with 110 ml of Ballotini beads (0.4 to 0.5 mm in diameter) cooled by a mixture of ice and water, by using 1-min treatments with intermittent cooling periods. The homogenate was filtered through Miracloth to remove the Ballotini beads, the filtrate was centrifuged (1,500 ϫ g, 10 min), and the recovered supernatant was centrifuged again (20,000 ϫ g, 30 min). The membrane pellet was washed twice by suspending it in buffer A (a fifth of the original wet weight of the cells) containing 30% (wt/vol) glycerol and homogenized in a Dounce homogenizer. The final membrane preparations were used as a source of ␤-glucan synthase and could be stored at Ϫ70ЊC for at least 3 months without significant loss of activity. The assay mixtures contained 40 l of 25 mM Tris-HCl buffer (pH 7.5), 2.5 mM UDP-D-[
14 C]glucose (specific radioactivity, 10 Bq/ nmol), 20 mM GTP␥S, 8% (wt/vol) glycerol, 0.5% (wt/vol) Brij 35, 0.8% (wt/vol) bovine serum albumin, and 10 l of the respective membrane preparation containing 0.11 to 0.15 mg of protein per ml. Where indicated, the mixture also contained 2 l of peptaibols in 50% (vol/vol) ethanol or methanol. Incubations were carried out at 22ЊC for 30 min and stopped by addition of 1 ml of 10% (wt/vol) trichloracetic acid (TCA). After standing for 30 min, the mixtures were filtered through Whatman GF/A glass fiber filters and washed three times on the filter with 1 ml of cold TCA and twice with 1 ml of ethanol. The filters were then placed in the scintillation vials and dried at 55ЊC, and the activity was determined by counting with 5 ml of toluene-based scintillation cocktail in a liquid scintillation counter. To assess the identity of reaction products, mixtures containing putative ␤-D-glucans were diluted with 200 l of 50 mM acetate buffer (pH 5.0), containing 0.2 mg of Arthrobacter sp. ␤-1,3-glucanase (activity, 135 nkat/mg of protein, measured with laminarin as substrate at pH 5 and 37ЊC and determined as liberated reducing equivalents of glucose). Controls contained buffer only. After 4 h of incubation at 37ЊC, the mixture was precipitated with TCA, filtered, and washed as described above.
In preliminary experiments, we tested the effect of GTP␥S, EDTA, and different solvents for the peptaibols (methanol, ethanol, acetone, n-propanol, and dimethyl sulfoxide) on ␤-glucan synthase activity. Ethanol and methanol did not affect the enzyme activity at the concentration used to assay the effect of peptaibols. The addition of GTP␥S and EDTA improved ␤-glucan synthase activity in the controls. The addition of trichorzianin TA or TB to the assay mixture resulted in a clear inhibition of the glucan synthase activity of B. cinerea, T. harzianum, and S. cerevisiae. B. cinerea was most sensitive, especially when trichorzianin TA was used, trichorzianin TA being also more active in combination with hydrolytic enzymes (24) in the inhibition of hyphal growth of this fungus. The kinetics of inhibition were nonlinear (Fig. 2) . It is conceivable that this inhibition occurs only after the membrane has become saturated with the peptaibols since (i) the inhibition could be reversed by washing the peptaibol-treated membranes prior to assaying for ␤-glucan synthase activity; (ii) the exogenous addition of phosphatidylcholine (1 mg/ml; suspended in 25 mM Tris-HCl buffer, pH 7.5, by sonication), a major component of the plasma membranes of filamentous fungi, not only reversed the inhibition but also stimulated the activity of ␤-glucan synthase (about 150%) in the controls; and (iii) phosphatidylethanolamine, which is less abundant in the fungal plasmalemma, was less active in counteracting inhibition and produced no stimulation of ␤-glucan synthase.
Additional experiments were performed to prove that the inhibition observed specifically concerned the synthesis of cell wall ␤-glucans only. Therefore, we determined the effect of peptaibols on glucan synthase activity of a mutant yeast strain unable to utilize the radiolabelled precursor used for glycogen synthesis. As a result, the two trichorzianins inhibited ␤-glucan synthase of the mutant in the same manner as in the wild-type strains, starting from a concentration of 10 to 20 ppm (data not shown).
To determine whether ␤-1,3-glucan synthase is the major target of peptaibol action in vivo, we grew B. cinerea in submerged culture and monitored the cell wall ␤-glucan synthesis by incubation of the fungus with [2- 3 H]glucose. To this end, a conidial suspension of B. cinerea was used to inoculate two 250-ml Erlenmeyer flasks containing 50 ml of medium consisting of malt extract, peptone, and casein and incubated on a rotary shaker at 26ЊC; 6 h later, germinating conidia were harvested by centrifugation (10,000 ϫ g, 4ЊC, 10 min) and used to inoculate 2 ml of fresh medium in 15- rified to physical homogeneity as described in reference 21) strongly increased the inhibitory action of the peptaibol, thereby reducing the 50% effective dose about 10-fold (Fig. 3) . These results provide evidence for a specific in vivo synergism between peptaibols and ␤-1,3-glucanase, the combination of both affecting cell wall integrity of the pathogenic fungus tested. T. harzianum endo-␤-1,4-chitinase (produced and purified to physical homogeneity as described in reference 14) did not alter the 50% effective dose of trichorzianin A on glucan synthase (Fig. 3 ). This indicates that the effect of the peptaibol on ␤-glucan synthase is specific and that the reduced incorporation of [2-3 H]glucose is not due to a general metabolic imbalance caused by membrane leakage. Moreover, the simultaneous addition of ␤-glucanase and chitinase produced the same effect on ␤-glucan turnover as that of the ␤-glucanase alone. This suggests that the resyntheses of ␤-glucan and chitin, the two major components of most fungal cell walls, are independent from each other.
To the best of our knowledge, this is the first report of a specific effect of peptaibol antibiotics on fungal membranes, i.e., inhibition of ␤-D-glucan synthase. The dependency of this inhibition on the phospholipid environment is consistent with the demonstration by El Hajji et al. (10) that trichorzianins interact with the phospholipid bilayer. While trichorzianins may cause general membrane leakage, accompanied by major metabolic disorders, at higher concentrations, inhibition of cell wall synthesis appears to be the specific target at low in vivo concentrations.
On the basis of the present results, we postulate a model of how the antibiotics and cell wall hydrolases (chitinases and ␤-1,3-glucanases) of the mycoparasite concertedly act to efficiently antagonize the host fungus (20, 24) : the enzymatic digestion of the cell wall facilitates the penetration of the antibiotics, thereby enabling a higher local concentration at the membrane, and penetration of peptaibols into the membrane in turn reduces the ability of the host to repair the cell wall by inhibiting chitin and ␤-glucan synthesis and consequently amplifies the effect of hydrolytic enzymes. Although this paper shows results for ␤-glucan synthase only, inhibition of the membrane-bound chitin synthase can be anticipated by analogy and should account for the observed synergism between chitinases and peptaibols against fungal growth.
Inhibitors of fungal chitin and glucan synthesis have been studied for several years as potential fungistatic agents in human mycoses, and it is intriguing to learn that the mycoparasitic fungi target the same sites when they antagonize their hosts. It remains unclear how the mycoparasite protects itself against these inhibitors, since glucan synthases of T. harzianum and B. cinerea were susceptible to peptaibols at the same concentration range. Lora et al. (19) recently described a T. harzianum gene, selectively expressed in the presence of B. cinerea, which codes for a chitinase inhibitor incorporated into the T. harzianum cell wall to prevent lysis by the self-produced chitinases. This should reduce the effect of the synergistic interaction between enzymes and antibiotics and, therefore, increase the peptaibol concentration necessary for inhibition of T. harzianum ␤-glucan synthase above those occurring in vivo.
M.L. was a collaborator under a fellowship from the Organization for Economic and Co-operative Development (OECD) Co-operative Research Programme: Biological Resource Management for Sustainable Agricultural Systems, which is gratefully acknowledged.
